McCullough DJ, Davis RT III, Dominguez JM II, Stabley JN, Bruells CS, Behnke BJ. Effects of aging and exercise training on spinotrapezius muscle microvascular PO2 dynamics and vasomotor control. J Appl Physiol 110: 695-704, 2011. First published January 6, 2011 doi:10.1152/japplphysiol.01084.2010.-With advancing age, there is a reduction in exercise tolerance, resulting, in part, from a perturbed ability to match O2 delivery to uptake within skeletal muscle. In the spinotrapezius muscle (which is not recruited during incline treadmill running) of aged rats, we tested the hypotheses that exercise training will 1) improve the matching of O2 delivery to O2 uptake, evidenced through improved microvascular PO2 (PmO 2 ), at rest and throughout the contractions transient; and 2) enhance endothelium-dependent vasodilation in first-order arterioles. Young (Y, ϳ6 mo) and aged (O, Ͼ24 mo) Fischer 344 rats were assigned to control sedentary (YSED; n ϭ 16, and OSED; n ϭ 15) or exercisetrained (YET; n ϭ 14, and OET; n ϭ 13) groups. Spinotrapezius blood flow (via radiolabeled microspheres) was measured at rest and during exercise. Phosphorescence quenching was used to quantify PmO 2 in vivo at rest and across the rest-to-twitch contraction (1 Hz, 5 min) transition in the spinotrapezius muscle. In a follow-up study, vasomotor responses to endothelium-dependent (acetylcholine) and -independent (sodium nitroprusside) stimuli were investigated in vitro. Blood flow to the spinotrapezius did not increase above resting values during exercise in either young or aged groups. Exercise training increased the precontraction baseline PmO 2 (OET 37.5 Ϯ 3.9 vs. OSED 24.7 Ϯ 3.6 Torr, P Ͻ 0.05); the end-contracting Pm O 2 and the time-delay before Pm O 2 fell in the aged group but did not affect these values in the young. Exercise training improved maximal vasodilation in aged rats to acetylcholine (OET 62 Ϯ 16 vs. OSED 27 Ϯ 16%) and to sodium nitroprusside in both young and aged rats. Endurance training of aged rats enhances the Pm O 2 in a nonrecruited skeletal muscle and is associated with improved vascular smooth muscle function. These data support the notion that improvements in vascular function with exercise training are not isolated to the recruited muscle. microvascular oxygen pressures; muscle contraction; isolated microvessel aging WITH ADVANCING AGE, THERE IS a reduction of muscle function and exercise tolerance, resulting, in part, from perturbations in the capacity to transport and utilize oxygen. The diminished exercise tolerance with age is likely consequent to both central (76) and peripheral (53) alterations; however, old age-related structural [e.g., arterial rarefaction (8)] and functional [e.g., diminished vasodilator capacity (10, 62)] arteriolar adaptations directly compromise the fidelity with which oxygen delivery (Q O 2 ) matches oxygen uptake (V O 2 ) within skeletal muscle (11, 17, 80) . In addition, with advancing age, the microvascular PO 2 (Pm O 2 ; determined by the Q O 2 -to-V O 2 ratio) is significantly reduced at rest and across the rest-exercise transient (11), as well as during the recovery from contractions (39). Based on Fick's law, the old age-related mismatching of Q O 2 -to-V O 2 ratio in skeletal muscle would exacerbate the oxygen deficit and perturbations to the intracellular milieu, thereby hastening fatigue in the elderly population (74).
. In addition, with advancing age, the microvascular PO 2 (Pm O 2 ; determined by the Q O 2 -to-V O 2 ratio) is significantly reduced at rest and across the rest-exercise transient (11) , as well as during the recovery from contractions (39) . Based on Fick's law, the old age-related mismatching of Q O 2 -to-V O 2 ratio in skeletal muscle would exacerbate the oxygen deficit and perturbations to the intracellular milieu, thereby hastening fatigue in the elderly population (74) .
Exercise training has numerous beneficial effects in improving cardiovascular function in healthy and diseased individuals; however, there is debate regarding the effects of exercise training on vascular function in nonrecruited muscle (i.e., muscle that shows no net hyperemic response during whole body exercise) (33, 88) . Specifically, the debate focuses on whether vascular adaptations result from 1) repeated exposure to the physicochemical stimuli of the contracting muscle (e.g., increased metabolites and shear stress) with alterations confined to the recruited muscle; or 2) a systemic effect mediated by pressure changes and/or humoral stimuli that can affect both recruited and nonrecruited muscle. While many studies have examined the influence of exercise training on vascular function in vascular beds of active muscle (4, 46, 85) , little is known about the effects of aging and exercise training in nonrecruited muscle.
In the spinotrapezius of young rats, which is not recruited during level or inclined treadmill running (65) , an enhanced endothelium-dependent vasodilation has been observed, independent of any change in citrate synthase activity or capillaryto-fiber ratio (49) , suggesting a dissociation between vascular and metabolic adaptations. Furthermore, aerobic exercise training has been shown to enhance adrenergic function in the rat spinotrapezius muscle, reflective of adaptations of ␣-and ␤-mediated vascular responses (48) . These changes in vascular control would likely improve the fidelity of the cardiovascular system to match the metabolic requirements of the contracting muscle during exercise. With advancing age in humans, exercise training is associated with improved matching of muscle Q O 2 to muscle V O 2 [inferred from a smaller change in active muscle deoxyhemoglobin to that of pulmonary V O 2 (63) ], although the mechanisms for this alteration (e.g., vasomotor control) are unclear. However, it is unknown whether endurance exercise training mitigates the Q O 2 -to-V O 2 mismatching demonstrated with age (11) in nontrained muscle.
Using phosphorescence quenching, we tested the hypothesis that exercise training will improve the matching of Q O 2 to V O 2 (demonstrated via enhanced Pm O 2 ) at rest and across the rest-to-muscle contraction transition in the spinotrapezius muscle of aged rats. Based on the results of the Pm O 2 study, we conducted a follow-up investigation to determine the effects of exercise training on resistance artery vasomotor control in the spinotrapezius muscle with advancing age. Bulk blood flow was also measured at rest and during exercise to confirm previous findings (44) that the spinotrapezius muscle does not demonstrate a net hyperemic increase during inclined treadmill running. Knowledge of the effects of exercise on skeletal muscle Q O 2 and vasomotor control is important in resolving the exercise intolerance demonstrated in the elderly population.
METHODS

Animals
Male young (6 mo; n ϭ 35) and old (Ն24 mo; n ϭ 34) Fischer 344 rats, obtained from the National Institute of Aging colony (Harlan Laboratories), were used in this study. These rats were selected specifically for this investigation, as they represent young and old rats according to the life span for this strain (47) . All procedures were approved by the Institutional Animal Care and Use Committee at the University of Florida and conformed to the National Institutes of Health Guide for the Care and Use of Laboratory Animals (National Research Council, Washington DC, rev. 1996) and the American Veterinary Medical Association Guidelines on Euthanasia (rev. 2007). Rats were housed individually at 23°C and were maintained on a 12:12-h light-dark cycle. All rats were fed rat chow and water ad libitum.
Exercise Training Protocol
Animals were randomly assigned to a sedentary (SED) control group or an exercise-trained (ET) group. Following a habituation phase (as described by Ref. 85) , the ET animals performed treadmill running at 15 m/min (15°incline), 5 days/wk for 60 min/day, for a 10-to 12-wk training period. Experimental protocols were performed on ET rats 48 h following the last bout of training.
Experimental Protocol
Bulk blood flow. Blood flow to the spinotrapezius muscle of young (n ϭ 6) and aged (n ϭ 6) rats at rest and during exercise was determined using the radionuclide-tagged microsphere technique (41, 51) . Before the surgical procedure, animals were familiarized with treadmill running. During the familiarization period (ϳ2 wk), animals exercised for 10 min/day at a speed of 15 m/min at a 15°incline. At the conclusion of the familiarization period, animals were anesthetized with isoflurane (2%/O 2 balance), and a catheter (Dow Corning, Silastic; inner diameter 0.6 mm, outer diameter 1.0 mm) filled with heparinized saline solution (Elkins-Sinn, 100 U/ml) was advanced into the ascending aorta via the right carotid artery. This catheter was used for infusion of radiolabeled microspheres for tissue blood flow measurements and for monitoring mean arterial pressure. The carotid catheter was externalized at the base of the tail and secured on the underside of the tail. A second polyurethane catheter (Braintree Scientific; inner diameter 0.36 mm; outer diameter 0.84 mm) was implanted in the caudal tail artery and externalized at the tail. This catheter was used to obtain a reference blood sample, which serves as an artificial organ for calculating tissue flows. After the closure of incisions, the animals were given Ͼ2 h to recover, as previous studies (30) have demonstrated that circulatory dynamics, regional blood flow, arterial blood gases, and acid-base status are stable in the awake rat 1-6 h after gas anesthesia.
After the recovery period, the rat was placed on the treadmill, and the tail artery catheter was connected to a 1-ml plastic syringe that was connected to a Harvard infusion/withdrawal pump (model 907, Cambridge, MA), and the carotid artery catheter was connected to a blood pressure transducer (BP100, ADInstruments). Exercise was initiated (15 m/min; 15°incline), and, after 5 min of total exercise time, blood withdrawal from the caudal artery at 0.25 ml/min was begun. The right carotid artery catheter was disconnected from the pressure transducer, and a specified radiolabeled ( 46 Sc, 113 Sn, and 85 Sr) microsphere (15 m diameter; DuPont/NEN, Boston, MA) was infused (ϳ2.5 ϫ 10 5 in number) into the ascending aorta and flushed with warmed saline to ensure clearance of the beads. Blood withdrawal from the caudal artery continued for 45 s after microsphere infusion. After a 60-min recovery period, a second microsphere infusion was performed with the same procedures as described above. This strategy was utilized to minimize the preexercise anticipatory response (3) and facilitates an accurate "resting" measurement. Following the microsphere infusion, animals were anesthetized with pentobarbital sodium (85 mg/kg ip) and euthanized by removal of the heart to verify correct placement of the carotid catheter. The left and right spinotrapezius muscles and kidneys were removed, and the radioactivity level of the tissues was determined by a gamma scintillation counter (Cobra II Auto Gamma Counter, Packard, Downer's Grove, IL) set to record the peak energy activity of each isotope for 5 min. Total blood flow to each tissue was calculated by the reference sample method (45, 83) and expressed in milliliters per minute per 100 g of tissue. Adequate mixing of the microspheres was verified by demonstrating a Ͻ15% difference in blood flows to the right and left kidneys.
Pm O 2 . Phosphorescence quenching was used to measure PmO 2 in young SED (YSED; n ϭ 9), young ET (YET; n ϭ 7), old SED (OSED; n ϭ 8), and old ET (OET; n ϭ 6), according to the methods of Bailey et al. (5) . Specifically, rats were anesthetized with pentobarbital sodium (40 mg/kg ip, supplemented as needed), and the right carotid artery was isolated. The artery was cannulated with a fluidfilled catheter (PE-50) to monitor arterial blood pressure and heart rate for the duration of the experiment (Digi-Med BPA model 200). This fluid-filled catheter was used for the administration of additional anesthesia and for the infusion of the phosphorescent probe. Rectal temperature was monitored and maintained at 37-38°C with a heating pad.
The left spinotrapezius was exposed as described previously (5, 12) . Briefly, the skin and overlying fascia not intimately connected to the muscle were removed carefully from the dorsal aspect of the muscle. Vascular and neural tissues branch primarily from the scapular origin of the spinotrapezius, and these were left undisturbed. Stainless steel electrodes were used to stimulate the muscle. The cathode was placed in close proximity to the motor point (0.5-1.0 cm caudal to the scapula), while the anode was sutured in place at the caudal edge of the muscle, near the fourth thoracic vertebra. Moreover, stimulation conditions (i.e., voltage and placement of electrodes) were maintained constant among animals. The phosphor, palladium meso-tetra-(4-carboxyphenyl)-porphyrin dendrimer (R2), was infused at a dose of 15 mg/kg through the arterial cannula ϳ15 min before each experiment.
The muscle was kept moist using a Krebs-Henseleit bicarbonatebuffered solution equilibrated with 5% CO2/95% N2 at 37°C during a 10-min stabilization period following exposure and throughout the subsequent experiment. The muscle was stimulated to contract at 1 Hz (ϳ4 -6 V, 2.0-ms pulse duration, twitch contractions) for 5 min with a Grass S88 stimulator. PmO 2 measurements were recorded every 2 s throughout rest and exercise. Blood withdrawal for blood-gas analysis, pH measurement, and lactate determination (Nova Stat Profile pHOx Plus, Waltham, MA), and hematocrit (Covidien Microhematocrit tube reader, Covidien, Mansfield, MA) were performed immediately after the stimulation periods.
On completion of the experiment, each rat was euthanized with an overdose of anesthesia (pentobarbital sodium, Ͼ80 mg/kg ia), and a thoracotomy was performed to visually verify cardiac arrest.
PmO 2 measurements and calculations. A PMOD 5000 Frequency Domain Phosphorimeter probe (Oxygen Enterprises, Philadelphia, PA) was positioned ϳ2 mm above the spinotrapezius, as described by Bailey et al. (5) . A light guide contained within the probe focuses excitation light (524 nm) on the medial region of the exposed spinotrapezius (ϳ2.0 mm diameter, to ϳ500 m deep). The PMOD 5000 uses a sinusoidal modulation of the excitation light (524 nm) at frequencies between 100 Hz and 20 kHz, which allows phosphorescence lifetime measurements from 10 s to ϳ2.5 ms. In the singlefrequency mode, 10 scans (100 ms) were used to acquire the resultant lifetime of the phosphorescence (700 nm) and repeated every 2 s (for review, see Ref. 91 ). The phosphorescence lifetime was obtained computationally based on the decomposition of data vectors to a linearly independent set of exponentials (92) .
The Stern-Volmer relationship allows the calculation of Pm O 2 from a measured phosphorescence lifetime using the following equation (79):
where kQ is the quenching constant (mmHg/s), and t o and t are the phosphorescence lifetimes in the absence of O 2 and at the ambient O2 pressure, respectively. For R2, in in vitro conditions similar to those found in the blood, k Q is 409 mmHg/s, and t o is 601 s (55). R2 is tightly bound to albumin in the plasma and is negatively charged. These properties, in combination with the extremely high albumin reflection coefficients in skeletal muscle (for review, see Ref. 78), ensure that the PO 2 measurements emanate from the plasma within the microvasculature rather than the surrounding muscle tissue (73) . Unlike near-infrared spectroscopy, the Pm O 2 signal is not subject to contamination from intramyocyte myoglobin. Moreover, Pm O 2 represents the O 2 pressure head for diffusive blood-myocyte O2 movement. The phosphorescence lifetime is insensitive to probe concentration, excitation light intensity, and absorbance by other chromophores in the tissue (79) . The effects of pH and temperature are negligible within the normal physiological range, which was maintained herein (55, 70) .
Isolated microvessel preparation. In a separate set of animals (YSED n ϭ 7; YET n ϭ 7; OSED n ϭ 7; and OET n ϭ 7), endothelium-dependent and -independent vasodilation and ␣-adrenergic vasoconstriction responses in isolated resistance vessels from the spinotrapezius muscle were investigated.
Animals were anesthetized with pentobarbital sodium (85 mg/kg ip) and euthanized by removal of the heart. The spinotrapezius muscle was carefully excised and placed in cold (4°C) physiological saline solution (PSS) containing the following (mM): 145.0 NaCl, 4.7 KCl, 2.0 CaCl 2, 1.17 MgSO4, 1.2 NaH2PO4, 5.0 glucose, 2.0 pyruvate, 0.02 EDTA, 3.0 MOPS buffer, and 1 g/100 ml BSA at pH 7.4. Spinotrapezius muscle first-order (1A) arterioles were then isolated with the aid of a dissecting microscope (Olympus SVH10). In the spinotrapezius muscle, 1A arterioles were defined as the first branch that occurred after the feed artery entered the superficial portion of the muscle. The arterioles (length, 0.5-1.0 mm) were cleared of surrounding muscle fibers, removed from the muscle, and placed in Lucite chambers containing MOPS-buffered PSS equilibrated to room air. The arterioles were cannulated on both ends to glass micropipettes and secured with ophthalmic nylon suture (Alcon 11-0). After cannulation, the chambers were transferred to the stage of an inverted microscope (Olympus IX70), equipped with a video camera (Panasonic BP310) and video caliper (Colorado Video) for recording luminal diameter. Intraluminal pressure was set according to the arteriolar internal diameter to coincide with pressures used in previous in vitro studies of skeletal muscle arterioles (1). Leaks were detected by pressurizing the vessel and determining whether vessel diameter was maintained. Arterioles that exhibited leaks were discarded. Arterioles free of leaks were warmed to 37°C and allowed to develop spontaneous tone during a 30-to 60-min equilibration period. Arterioles were discarded unless at least 20% baseline tone [i.e., (maximal diameter Ϫ baseline diameter/maximal diameter) ϫ 100] was achieved before the addition of vasoactive agents, which is the established exclusion criteria for isolated microvessel experiments (26, 62, 77) . Sensitivity of the arterioles to agonists was assessed by calculating the dose eliciting 50% of the maximal vasoconstriction (EC50) or vasodilation (IC50).
To determine aging and exercise training differences in vasomotor function of the spinotrapezius muscle arterioles, responses of 1A arterioles were determined to the cumulative addition of the endothelium-dependent vasodilator acetylcholine (ACh; 10 Ϫ9 to 10 Ϫ4 M), the endothelium-independent vasodilator sodium nitroprusside (SNP; 10 Ϫ9 to 10 Ϫ4 M), and the ␣-adrenoreceptor agonist norepinephrine (NE; 10 Ϫ9 to 10 Ϫ4 M). Responses were recorded as actual diameters and expressed as a percentage of possible vasoconstriction, vasodilation, and spontaneous tone, according to the following formulas:
where Ds is the steady-state inner diameter recorded after addition of agonist, Db is the initial baseline inner diameter before the first addition of a pharmacological agonist, and Dm is the maximal intraluminal diameter obtained in Ca 2ϩ -free PSS. Comparison of data as a percentage of the maximal response normalizes for potential differences in maximal diameter or spontaneous tone among vessels.
Citrate synthase activity. Citrate synthase, a mitochondrial enzyme and marker of muscle oxidative potential, was measured in duplicate from spinotrapezius and soleus (to test the efficacy of the training protocol) muscle homogenates, according to the method of Srere (86) . Citrate synthase activity, expressed as micromoles per minute per gram wet weight, was measured spectrophotometrically using a Spectramax M5 microplate (Molecular Devices, Sunnyvale, CA) in 300-l aliquots at 30°C.
Data analysis. KaleidaGraph software (Kaleidagraph 4.0) was used to describe the time course of each Pm O 2 response using an exponential function, following a time delay (TD):
where is the time constant of the response, and ⌬PO2 is the difference between rest and steady-state (ss) values.
When a marked undershoot occurred in the Pm O 2 response before the attainment of a steady state, a second exponential term was included in the model to reduce the residual sum of squares:
where A1 and A2 are the amplitudes of the two components of the response. For young rats, the single exponential with TD provided an excellent fit to the Pm O 2 data at the onset of contractions as judged from: 1) coefficient of determination (r 2 ); 2) sum of the squared residuals ( 2 ); and 3) visual inspection of the raw data and the fit of the residual error to a linear model (13) . The single exponential did not fit the Pm O 2 responses from aged animals in which the more complex model with two exponentials (as described above), each with independent delays, was required to fit the Pm O 2 response (11, 25) . All model-dependent [e.g., , TD, mean response time (MRT)] and independent (i.e., baseline and end-contracting PmO 2 ) parameters and variables, vessel characteristics, and muscle blood flow were analyzed with a two-way ANOVA to test for differences. Repeated-measures ANOVA was used to determine differences among dose-diameter responses in isolated vessels to detect differences within (dose) and between (age and exercise training) factors. Post hoc analysis was performed by Duncan's multiple-range test to determine the significance of differences among means. All data are presented as means Ϯ SD, in accordance with American Physiological Society guidelines. Significance was set at P Յ 0.05. resulted in decreased body mass in aged but not young rats (Table 1) . Spinotrapezius muscle mass-to-body mass and citrate synthase activity were not different with aging or exercise training (Table 1) . However, citrate synthase activity was significantly higher in the soleus muscle of YET and OET rats relative to the SED control groups (Table 1) , validating the efficacy of the exercise training regimen. There were no differences in blood gases, pH, hematocrit, or lactate between groups (Table 1) .
Spinotrapezius Muscle Blood Flow
Exercise significantly increased mean arterial pressure above resting values in both young (rest, 123 Ϯ 16; exercise, 139 Ϯ 18 mmHg; P Ͻ 0.05) and aged (rest, 129 Ϯ 17; exercise, 142 Ϯ 20 mmHg; P Ͻ 0.05) rats. In one aged animal, blood flow to the right and left kidney was Ͼ15%, and data were discarded due to inadequate microsphere distribution. Therefore, data are presented from six young and five aged animals. No differences in spinotrapezius muscle blood flow were found between young and aged animals at rest or during exercise (Fig. 1) . Furthermore, in both age groups, blood flow to the spinotrapezius muscle was not different between rest and exercise (Fig.  1) . The lack of a net hyperemic increase to the spinotrapezius muscle between rest and exercise is similar to that demonstrated previously (44, 65) and is consistent with the idea that the spinotrapezius muscle is not recruited during level or incline running (65) .
Pm O 2 Data
Representative Pm O 2 responses and subsequent model fits for the spinotrapezius muscle of SED and ET young and aged animals are illustrated in Fig. 2, A and B, respectively, and group average profiles in Fig. 3 5 Values are means Ϯ SD; n, no. of rats. SED, sedentary; ET, exercise trained; BW, body weight; CS, citrate synthase; PaO 2 , arterial partial pressure of O2; PaCO 2 , arterial partial pressure of CO2. *P Ͻ 0.05 vs. SED of the corresponding age group. †P Ͻ 0.05 vs. young counterparts for the same condition. Fig. 1 . Blood flow to the spinotrapezius muscle measured at rest and during moderate-intensity (15 m/min, 15% incline) exercise for young and aged rats. No differences were found between young and aged rats in spinotrapezius muscle blood flow at rest or during exercise. Values are means Ϯ SD. Model-independent data. Baseline (i.e., precontracting) and end-contracting Pm O 2 were lower in OSED vs. YSED animals (Fig. 4) . Exercise training significantly increased both baseline and end-contracting Pm O 2 in the aged group (Fig. 4) . In the young animals, exercise training resulted in a trend (P ϭ 0.07) toward an elevated end-contracting Pm O 2 . The nadir Pm O 2 value reached during contractions was significantly lower in the OSED (13.5 Ϯ 4.5 Torr) vs. both YSED (20.0 Ϯ 3.2 Torr) and OET (23.9 Ϯ 6.2 Torr; P Ͻ 0.05). Only in the OSED group was a significant difference observed between the nadir Pm O 2 (13.5 Ϯ 4.5 Torr) and the end-contracting Pm O 2 value (16.9 Ϯ 4.3 Torr; P Ͻ 0.05).
Model-dependent data. Due to the presence of a biphasic Pm O 2 profile (Figs. 2B and 3) , the OSED group required a more complex two-exponential model to fit the data, whereas a single-exponential model fit the other three groups adequately. The biphasic profile in the OSED group is consistent with what our laboratory has found before (11) and resulted in a difference between the ⌬low and ⌬steady state Pm O 2 (i.e., ⌬low Ϫ ⌬steady state) of 3.9 Ϯ 1.9 Torr, which has been termed an "undershoot" (Fig. 2B) , and was not observed in the young group ( Fig. 2A) . Exercise training abolished the undershoot in the aged group (Figs. 2B and 3) .
As illustrated in Fig. 5 , the TD, , and MRT were not different between YSED and OSED animals for the initial (i.e., primary) Pm O 2 response. In the OSED group, there was a secondary rise in Pm O 2 , which began 89 Ϯ 20 s after the onset of contractions and increased with a (2) of 40.0 Ϯ 19 s, and this secondary rise was not evident in any other group. With exercise training, the TD before a fall in Pm O 2 was observed, and the MRT (i.e., TD ϩ ) was significantly increased in the aged animals. Exercise training did not affect any of the Pm O 2 kinetic parameters in the young group.
Resistance Artery Data
Maximal intraluminal diameter of the spinotrapezius muscle arterioles was not different between the YSED and OSED groups or the YET and OET groups. However, exercise training increased the maximal diameter in both the young and aged groups relative to their SED counterparts ( Table 2 ). The level of initial spontaneous tone was greater in the OSED vs. YSED group; however, exercise training abolished the aged-associated difference in tone (Table 2) .
ACh-induced vasodilation. The endothelium-dependent agonist ACh elicited dose-dependent vasodilation of arterioles from young and aged spinotrapezius muscle; however, the ACh response was significantly blunted in the OSED group ( Fig. 6 and Table 2 ). Exercise training increased ACh dilation in the aged group, such that dilation was not different from that of the YET group at any dose. Statistical analysis revealed no significant difference between YSED and YET groups. Sensitivity (IC 50 ) to ACh was not altered by age or training status (data not shown). 
SNP-induced vasodilation.
Responses to the exogenous nitric oxide (NO) donor SNP elicited dose-dependent vasodilation of arterioles from all groups. The SNP response in the OSED group was diminished vs. that of their young counterparts ( Fig. 7 and Table 2 ). Exercise training improved the SNP-induced vasodilation in both the young and aged group vs. their SED counterparts. Furthermore, after exercise training, there was no significant difference in SNP-induced dilation between age groups (Fig. 7) . Sensitivity (IC 50 ) to SNP was not altered by age or training status (data not shown).
NE-induced vasoconstriction. In response to the ␣-adrenoreceptor agonist NE, there was a dose-dependent vasoconstriction in all groups (Table 2 ). Statistical analysis revealed no significant between-group differences to NE. Sensitivity (EC 50 ) to NE was not altered by age or training status (data not shown).
DISCUSSION
The purpose of the present investigation was to determine the effects of aging and exercise training on Pm O 2 dynamics in a nonrecruited skeletal muscle. This study is the first to demonstrate that endurance exercise training in aged individuals improves the local matching of blood flow (Q O 2 ) to V O 2 , both at rest and during contractions in a skeletal muscle that is not recruited during incline treadmill exercise [i.e., spinotrapezius muscle, which displays no net hyperemic response, (Fig. 1 (Fig. 2B ), which occurs with blunted Q O 2 dynamics (9, 25, 29) , was abolished with exercise training. The elevated Pm O 2 and Pm O 2 profile (i.e., single exponential with no observed Pm O 2 "undershoot") with age after exercise training suggests an elevated Q O 2 -to-V O 2 ratio; therefore, we conducted a follow-up study to examine vasomotor control in the spinotrapezius muscle to investigate the mechanistic bases for an elevated Q O 2 after exercise training in the aged group. The principal new findings from the follow-up study are that exercise training: 1) augmented endothelium-dependent vasodilation in the aged group (Table 2 and Fig. 6) ; 2) enhanced endothelium-independent vasodilation in both the young and aged groups (Fig. 7) ; and 3) did not alter ␣-adrenergic vasoconstriction in either group (Table 2) . Collectively, these data suggest that exercise training can ameliorate the old ageassociated impairment in perfusive and diffusive Q O 2 (17, 80) and improve blood-muscle O 2 flux due, in part, to an enhanced smooth muscle-induced vasodilation. These results further support the contention that exercise training affects vascular function in skeletal muscle that displays no net hyperemia during exercise, nor changes in oxidative capacity following endurance training (i.e., "nontrained" muscle).
Pm O 2 with Age; Plasticity of Q O 2 and V O 2
In sedentary individuals, advancing age results in impaired skeletal muscle O 2 supply (17, 40, 76) , capillarity (80) , endothelial function (24, 62, 93) , vasodilatory dynamics (10), and O 2 diffusing capacity (38) , which constrain the ability of the Values are mean Ϯ SD; n, no. of rats. Maximal diameter was recorded in Ca 2ϩ -free physiological saline solution with 100 m sodium nitroprusside. Spontaneous tone (%) ϭ [(maximal diameter Ϫ diameter with tone)/maximal diameter] ϫ 100. *P Ͻ 0.05 vs. SED of the corresponding age group. †P Ͻ 0.05 vs. young counterparts for the same condition. Fig. 6 . Concentration-response relation of spinotrapezius muscle arterioles from young and aged sedentary and exercise-trained rats to the endotheliumdependent vasodilator acetylcholine. Exercise training restored vasodilator responses to acetylcholine in the aged group, but did not alter those in the young group. Values are means Ϯ SD. *P Ͻ 0.05 vs. aged sedentary. cardiovascular system to augment rapidly Q O 2 to the working muscle (11, 20) . These age-related impairments in the O 2 transport system contribute to a slowing of phase I (58) and phase II (14, 19, 27, 35, 69, 81) V O 2 kinetics and the commensurate increased O 2 deficit. In younger individuals, the majority of evidence suggests that muscle Q O 2 , per se, does not limit the speed of V O 2 kinetics (see Ref. 36 for exception), but rather an intrinsic mitochondrial inertia (72) . With advancing age, however, the reduced capacity of the cardiovascular system to deliver O 2 to, and distribute between (64) , skeletal muscle may result in an Q O 2 limitation and slow V O 2 kinetics (75) . At the onset of contractions in the aged individual, the increase in red blood cell flux through the microcirculation is severely diminished (17) , compromising the dynamic balance between Q O 2 and V O 2 , which results in exceedingly low PO 2 values (Fig. 3) . The functional ramifications of a reduced O 2 pressure are greater perturbations to the intramyocyte milieu (e.g., ⌬phosphocreatine, ADP concentration, H ϩ , inorganic phosphate, glycogen concentration; for review see Ref. 72 ) and an impaired blood-myocyte O 2 flux, as dictated by Fick's law.
After exercise training, Pm O 2 was increased at rest and across the rest-exercise transition (Fig. 2B) , which is consistent with an elevated Q O 2 -to-V O 2 ratio and faster blood flow kinetics in the aged muscle. Indeed, exercise training in aged individuals has been demonstrated to enhance endothelial function (24, 85) and speed heart rate kinetics at the onset of exercise (63) , which may accelerate skeletal muscle Q O 2 after training. Although we and others have previously demonstrated that aging results in a blunting in the speed of arteriolar vasodilation (10, 42) , which may constrain Q O 2 dynamics, it is currently unknown whether exercise training upregulates the dynamics of arteriolar vasodilation in aged muscle. Interestingly, the findings of an increased TD before a fall in Pm O 2 ( Fig. 5 ) and the elimination of the Pm O 2 undershoot (Fig. 2B ) with exercise training in the aged group are consistent with a speeding of the dynamics of arteriolar vasodilation and Q O 2 with exercise.
Vascular Dysfunction with Age
Several studies have demonstrated that aging impairs endothelium-dependent function within conduit (21, 24, 82) and resistance arteries (62, 85) . While the etiology of endothelial dysfunction with advancing age is not homogeneous among all vascular beds (10, 62, 93) , it is largely attributed to reduced bioavailability of NO (15, 22, 28) . Whereas many factors contribute to the age-related impairments in the NO-signaling pathway, increasing evidence indicates the importance of endothelial NO synthase (84), tetrahydrobiopterin (22, 28) , GTP cyclohydrolase (54) , and elevated superoxide (O 2 Ϫ ) production (18) . In the present study, the diminished endothelium-dependent vasodilation in the arterioles from the aged spinotrapezius (Fig. 6 ) may not reflect endothelial dysfunction per se, but rather alterations in the guanosine 3=,5=-cyclic monophosphate (cGMP)-mediated vasodilatory pathway in smooth muscle to exogenous NO (via SNP; Fig. 7) .
In several vascular beds, there is a diminished endotheliumindependent vasodilation to SNP with advancing age (10, 23, 60) due possibly to reductions in the net intracellular accumulation of cGMP in smooth muscle (61) , and/or a reduced scavenging, or increased production, of O 2 Ϫ (18, 84). With advancing age, cGMP is reduced due, in part, to an increased cGMP-phosphodiesterase activity (61, 90) , which would attenuate cGMP-mediated relaxations. Additionally, in the presence of reactive oxygen species, i.e., superoxide (O 2 Ϫ ), NO forms peroxynitrite, thereby reducing the bioavailability of NO (34, 43) . Although the latter can be preserved in the presence of superoxide dismutase (7), advancing age is associated with elevated production of O 2 Ϫ and loss of extracellular superoxide dismutase (89, 93) , thereby interrupting NO signaling pathways and blunting both the magnitude (Table 2 and Fig. 7) and dynamics of smooth muscle relaxation (10) .
Mechanisms of Training Induced Vascular Changes in Nonactive Muscle
Endurance training induces alterations in active muscle blood flow during exercise through several potential mechanisms, including structural alterations (e.g., angiogenesis and vascular remodeling), modified motor unit recruitment, and changes in the regulation of vascular tone (52) . Whether exercise training manifests positive vascular adaptations beyond the active musculature (e.g., in nontrained muscle) and the effects of aging on these processes are relatively unknown. In the young spinotrapezius muscle, contrary to Lash and Bolen (49) , exercise training did not enhance endotheliumdependent vasodilation (Fig. 6) or ␣-adrenergic vasoconstriction (Table 2) ; however, an increased endothelium-independent vasodilation (Fig. 7) was observed. In the aged animals, exercise training enhanced both endothelium-dependent and -independent vasodilation (Figs. 6 and 7, respectively). In the present study, endothelium-dependent vasodilation was assessed by ACh exposure, which is consistently utilized to investigate endothelial function in many vessel types (i.e., conduit through terminal arterioles) in vivo (50) . Furthermore, alterations in ACh and endothelium-dependent vasodilation are strongly related to functional changes in perfusion distribution (31) . Therefore, the enhanced ACh-induced vasodilation in the aged spinotrapezius muscle after exercise training (Fig. 6 ) may result in a better distribution of microvascular blood flow in the aged muscle at rest and during contractions. The latter provides a mechanistic explanation for the higher Pm O 2 observed in the aged muscle after exercise training at rest and at every time point across the rest-exercise transition, as well as the abolishment of the undershoot (indicative of better Q O 2 -to-V O 2 matching; Figs. 2B and 3) .
There are several possible mechanisms through which exercise training could affect vascular function in nontrained muscle. For example, Woodman and colleagues (94) have demonstrated that an increase in intraluminal pressure reverses agerelated decrements in endothelium-dependent vasodilation. Therefore, the progressive increase in arterial pressure with exercise (2) represents one potential mechanism for the enhanced vasodilation in the aged muscle, independent of changes in shear stress. In addition, there are several humoral agents released from the contracting muscle that may affect vascular function in nontrained muscle.
Skeletal muscle has recently been identified as an endocrine organ that produces and releases cytokines or "myokines" [e.g., interleukin (IL)-6, -8, and -15] in a contraction-dependent manner (see Ref. 71 for review), which may mediate vascular and metabolic processes in other organs (e.g., liver, adipose, and inactive muscle). Of these cytokines, the appearance of IL-6, originating from the exercising muscle (87) , is the most dramatic, with plasma IL-6 concentrations increasing acutely up to 100-fold following exercise (68) . Whereas chronically elevated levels of IL-6 are related to vascular dysfunction (66) , there is strong evidence that an acute increase in circulating IL-6 exerts an anti-inflammatory effect (71) . With respect to vasomotor control, IL-6 elicits a vasodilation in skeletal muscle arterioles (59) and aortic rings (67) , which is sustained after cytokine washout (59) . Whether the cyclical increase in plasma IL-6 with exercise is a potential humoral signal from the contracting muscle that enhances vascular function in nonrecruited tissues remains to be determined. However, it has been demonstrated that exposure to IL-6 elevates levels of cGMP in a time-dependent manner (56) , and exercise training enhances plasma concentrations of cGMP (which is thought to reflect intracellular changes) in both young (32) and elderly (57) subjects.
Limitations
In the present study, spinotrapezius muscle blood flow was not elevated during exercise in either age group (Fig. 1) ; however, it is pertinent that it is not known whether spinotrapezius blood flow is altered by exercise training, or if the spinotrapezius is recruited at some later time point in the training protocol. This is unlikely, as the training program did not elicit an increase in the activity of the sentinel oxidative enzyme citrate synthase in the spinotrapezius muscle of either group (Table 1) . To our knowledge, only downhill running recruits (44) and elicits training-induced adaptations in the oxidative capacity of the spinotrapezius muscle (37) . Therefore, given the linear relationship between recruitment/intensity and oxidative capacity (16) , the lack of change in citrate synthase activity in both young and aged groups (Table 1) suggests that the spinotrapezius muscle is not recruited during inclined exercise training.
We utilized the endothelium-dependent vasodilator ACh to assess changes in vasomotor function with advancing age. It should be noted that ACh does not appear to have a significant role in the regulation of functional hyperemia; however, its properties result in a reproducible vasodilation through endogenous vasomotor pathways (e.g., NO, prostanoids, hyperpolarization). In the present study, ACh-mediated vasodilation was blunted in the OSED arterioles, and exercise training reversed this impairment (Fig. 6) . However, the precise mechanism of ACh-mediated vasodilation in the spinotrapezius muscle arterioles and how they are affected by exercise training and aging remain to be determined. With old age, in skeletal muscle that is recruited during exercise, the majority of evidence suggests the enhanced ACh-induced vasodilation after exercise training is primarily mediated through the endothelial NO pathway (85) vs. alterations in conducted vasodilation (6) .
Conclusions
Advancing age results in a lower driving pressure of O 2 in the microcirculation (i.e., Pm O 2 ) of skeletal muscle, which would impair transcapillary O 2 flux. This study is the first to demonstrate that endurance training elevates the Pm O 2 in the spinotrapezius muscle of aged rats at rest and across the rest-exercise transition to the same levels observed in younger counterparts. This suggests that the old age-related impairments of the Q O 2 -to-V O 2 relationship can be ameliorated by exercise training. From the studies investigating mechanisms for the improved Pm O 2 , we demonstrated that exercise training enhanced both endothelium-dependent and -independent vasodilation in resistance arteries from the aged spinotrapezius. The improvements in vasomotor control would expectedly enhance the ability to augment Q O 2 during muscular contractions and subsequently elevate Pm O 2 . As the spinotrapezius muscle is not recruited during level or incline treadmill running, these results demonstrate that exposure of the resistance vasculature to the physicochemical milieu of the contracting muscle is not requisite to improve the matching of Q O 2 -to-V O 2 or vasodilation. Whether Pm O 2 is augmented to an even greater extent in the active muscle after exercise training in either young or aged subjects remains to be determined.
